Abstract
Introduction

20
The hydroxyl radical (OH) is the fundamental oxidant in the atmosphere. In addition to 21 reaction with gas-phase molecules (e.g., volatile organic compounds), OH reaction can modify 22 the physico-chemical properties (e.g., surface tension, hygroscopicity, composition, etc.) of 23 airborne particles through heterogeneous chemistry.
1 Heterogeneous OH-initiated oxidation ical species at the air-water interface via a surface-selective sampling mechanism, for which 55 the ionization process has been studied extensively. The FIDI sampling apparatus produces 56 millimeter-sized water droplets containing analytes at concentrations relevant to the ambient 57 atmosphere (i.e., clouds, fog, and aerosol liquid water). Because of the specificity of sampling,
58
FIDI-MS has been employed to monitor the adsorption and heterogeneous chemistry of or- 
63
Through study of the OH oxidation of PA at the air-water interface with FIDI-MS, we 64 seek to elucidate the mechanistic details of its surface reaction. To interpret the kinetic data,
65
we develop a gas-surface-aqueous multiphase transport and reaction model that describes 66 the heterogeneous OH oxidation of PA and constrains the surface reaction rate constant of
67
PA + OH at the air-water interface. For the first time, the interplay between chemistry, 68 diffusion, and phase-partitioning occurring at a droplet's air-water interface is investigated.
69
We demonstrate that under typical ambient OH levels (∼ 10 6 molec cm −3 ), the majority 70 of the multiphase PA oxidation occurs on the surface of water droplets representative of 71 cloud/fog water. In short, the present study addresses the importance of interfacial oxidation 72 for surface-active atmospheric species.
73
Methods
74
Experimental Setup
75
A schematic diagram of the FIDI-MS setup is depicted in Figure 1 
116
To study the interfacial OH + PA reaction mechanism, an aqueous PA droplet with an 117 average bulk concentration of 50 µM is exposed to OH from the DBDS for varying reaction 118 times, at which concentration, based on its equilibrium constant, ∼19% of PA is estimated 119 to remain on the surface of the droplet with a radius of 1 mm. Droplets of 20 µM SDS 120 were exposed to the OH source for different durations to characterize the gas-phase OH 121 concentration. To constrain the surface reaction rate constant for OH + PA, a mixture of
122
PA and SDS solution is diluted to 50 and 20 µM, respectively. Under each reaction condition, 123 5 droplets were repeated and averaged to overcome drop-to-drop variation.
124
Diffusion-Reaction Interfacial Model
125
We present the development of a diffusion-reaction model designed to describe the air-water 126 interfacial reaction on a droplet between gas-phase OH and a surface-active component, PA 127 in this study. In addition to its surface reaction with OH, PA can evaporate into the gas 128 phase, diffuse into the bulk droplet, and undergo bulk oxidation if dissolved OH is present. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 fragmentation. As such, by measuring the rate of decay of SDS on the surface, one can infer 134 the gas-phase OH concentration, and, in turn, calculate the surface reaction rate constant 135 with OH for the surface active species. The model accounts for each of these transport and 136 reaction processes explicitly, for both PA and SDS, in order to extract the surface reaction 137 rate of PA + OH from the experimental data.
138
The physical system to which this model is applied is depicted in Fig. 2 
where s refers to the surface, b represents the bulk aqueous phase, and gs denotes the gas 150 phase within one molecular mean free path above the surface. Note that gs is distinct from 151 g, the bulk gas phase sufficiently far from the surface. Differences in concentrations between 152 gs and g is described in SI.I. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 parameters are summarized in Table 1 .
161
The gas-phase OH concentration sufficiently far from the droplet surface is assumed to be 162 constant, based on the assumption that the OH concentration from the DBDS is constant.
163
Close to the droplet, however, a concentration gradient exists that depends on the OH uptake 164 coefficient (γ gs ). During the reaction period, the droplet size is assumed to be constant, i.e.,
165
no water evaporation occurs. However, evaporation of surface-active PA is considered (R2). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table S1 .
190
The predicted equilibrium constants for the PA oxidation products span several orders of >C=O) are embedded in the droplet, while the hydrophobic cyclobutyl ring is exposed on 214 the droplet surface (see Fig. 2 ), making carbons a-c the most vulnerable to OH attack.
215
Following the initial H-abstraction (Fig. 4) , the resulting alkyl radical combines exclusively
216
with O 2 at the air-water interface to form a peroxyl radical (RO 2 ), which may undergo the 217 same competitive reaction channels as those in the gas phase. 
250
The aqueous-phase pH can affect the reaction mechanism as well as the reaction rate. OH at the air-water interface.
257
The kinetic behavior of PA and its 6 oxidation products is shown in Fig. S6 . The relative 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 based on MS/MS analysis. While I and II are both the lowest mass products, the considerably and degradation pathways for these species, suggesting that as the O/C ratio increases, the 266 interfacial OH + PA oxidation system exhibits a propensity to shift from functionalization 267 to fragmentation products.
268
Characterization of Gas-Phase OH Concentration
269
To study the kinetics of interfacial OH oxidation of PA, a sufficient constraint on the gas- to react with the entire monolayer of SDS (Fig. 5c) . The near-linear relationship in Fig.   291 5c suggests Langmuir-Hinshelwood kinetics govern the air-water system, since if OH were 292 to react with the interfacial molecules upon collision (Eley-Rideal mechanism) the rate of 293 oxygen atom incorporation would increase as the reaction progresses given that more reactive
294
C-H bonds are formed, e.g., those adjacent to a carbonyl group.
295
By fitting the experimental data in Fig. 5a -c, we seek to estimate the gas-phase OH con-296 centration, as well as the surface reaction rate constants for both SDS and SDS products.
297
The best-fit gas-phase OH mixing ratio is found to be ∼698 ppb. SDS to determine the surface reaction rate constant. As discussed above, the products of bulk aqueous-phase transport and oxidation can affect the decay rate.
333
By fitting to the data points in Fig. 6b , where the surface reaction rate constants for 334 both SDS and SDS products are known, the bulk gas-phase OH concentration is estimated as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the surface coverage of PA and SDS. The gas-phase OH concentration above the surface is 340 ∼ 5 × 10 9 molec cm −3 and the OH uptake coefficient is ∼0.35 (Fig. 6c) .
341
The calculated average oxygen atom incorporation into SDS products fits the experimen-342 tal data (Fig. S9a) as well. The simulated bulk aqueous-phase OH distribution (Fig. 6d) 
343
predicts that OH is confined to the surface region (within a distance of ∼1 µm). The hetero- 
where K sg and K sb are the surface/gas phase and surface/bulk aqueous phase equilibrium w L is the liquid water mixing ratio in the air and R p is the volume-weighted average radius 373 of the droplets. For PA in the present study, Fig. S1 indicates that the smaller the droplet, 374 the higher the fraction of PA that resides on the surface.
375
If the sole source of OH is from the gas phase (thus ignoring possible aqueous-phase 376 photolysis reactions 20,22 ), multiphase OH oxidation can be divided into sequential processes: 377 gas-phase reaction, gas-surface adsorption/desorption, surface reaction, surface-bulk aqueous 378 transport, and bulk aqueous phase reaction. Given reaction rate constants in the gas phase,
379
on the surface, and in the aqueous phase, the following questions concerning oxidation of 380 a surface-active species arise: What is the rate-limiting step in ambient OH multiphase 381 oxidation? Is the gas-surface-bulk system always at equilibrium? What is the major sink of 382 surface-active species?
383
The FIDI studies simulate processes occurring within 1 min with an equivalent OH expo-384 sure of 1 day under typical ambient conditions. Within a relatively short period, interfacial 385 transport is the rate-limiting step under extremely high OH levels (Fig. 6d) . For ambient 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 interface may not be directly extrapolated to typical environmental conditions. To clarify 388 this point, we apply the derived rate constant of PA + OH in a case study simulation of the 389 ambient OH oxidation of PA in cloud and fog droplets.
390
We assume an air parcel with a typical liquid water mixing ratio w L = 3 × 10 −7 , 49 391 equivalent to ∼0.6 cm −3 droplets of 100 µm diameter or ∼ 5 × 10 3 cm −3 droplets of 5 µm 392 diameter (Fig. S10a) , and an overall PA concentration of 0.5 nmol m −3 (∼100 ng m −3 ). droplet is found to be the rate-limiting step of the multiphase oxidation.
412
For both models, an overall simulation time is taken as 12 h, corresponding to an equiv- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 not considered during the 12 h simulation, given that water vapor is at equilibrium in the between the gas phase, the surface, and the bulk aqueous phase remains at equilibrium.
421
This quasi-equilibrium partitioning can be attributed to the fact that the reaction rates are 422 sufficiently slow (because of the relatively low OH concentration) such that mass transport 423 between the gas phase, the surface, and the bulk aqueous phase is no longer a rate-limiting 424 step. The consumption of PA in the 5 µm system occurs exclusively at the air-water interface,
425
while ∼10% is contributed by the aqueous-phase OH oxidation in the 100 µm system. Both system, which also applies to M2, i.e., without accounting for interfacial effects, aqueous 428 phase oxidation predominates.
429
The simulated bulk aqueous-phase OH distributions (Fig. 7c) suggest that the smaller 430 the droplet, the more uniform the bulk. For larger droplets, the reaction is constrained to 431 the sub-surface region, which is characterized by the OH reactive-diffusive length (EQ. (1) of magnitude smaller than that by 100 µm droplet surface (Fig. S10b) . However, given the 435 much larger surface area concentration in the 5 µm droplet system, under the same OH 436 exposure, the overall PA concentration is predicted to decay ∼90%, higher than ∼75% in 437 the 100 µm droplet system (Fig. 7d) . By comparison, if the interfacial interaction is not 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 accommodation, the rate-limiting step is bulk aqueous-phase diffusion of OH. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Figure 2: Multiphase transport and reaction model for OH reaction with sodium dodecyl sulfate (SDS) and pinonic acid (PA) at the air-water interface. Key parameters of corresponding processes are labeled and explanation can be found in SI.I and Table 1 .
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